Abstract: Shear stress relaxation in haplogranite melts has been investigated using torsional deformation. Sinusoidal shear strains of small amplitude (10 _3 -10~5) have been generated over 4 orders of magnitude of strain rate and a wide range of temperatures. The viscoelastic behavior of the investigated melts can be characterized in terms of the complex shear modulus, the complex shear viscosity, and the internal friction. With addition of B, P, F to a haplogranite melt, the relaxation spectrum becomes broader, skewing further towards shorter relaxation times. Thus, the solution of volatiles in highly polymerized melts leads to a broadening, in frequency-temperature space, of the viscoelastic region which separates liquid behavior from glassy behavior. The relaxation spectrum of pure haplogranite melt has an asymmetrical form which can be fitted by a stretched exponent with parameter ß ~0.5. The boron-containing melts are characterized by ß~0.4, the phosphorus-and fluorine-containing melts yield ß < 0.4.
Introduction
relaxed loss modulus (Newtonian viscosity × strain rate) to the unrelaxed storage (elastic) modThe nature of viscous deformation in silicate ulus. Many aspects of transport in silicate melts, melts has emerged, in recent years, as a central including Si self diffusivity (Dingwell & Webb, theme, linking the macroscopic transport proper-1990) , nonbridging oxygen lifetimes (Liu et ai, ties of silicate melts to the microscopic structure 1988; Farnan & Stebbins, 1990a, b) , backreaction of such materials (Sato & Manghnani, 1985 ; Liu of hydrous species during quenching (Silver, et al. 9 1988; Rivers & Carmichael, 1987; Ding-1988) and the onset of non-Newtonian viscosity well & Webb, 1989 McMillan et al, 1992; are usefully scaled by Stebbins et al., 1992) . Our current knowledge of such an approximation. This modulus ratio and the spectrum of relaxation processes in silicate the corresponding mechanical model (the Maxmelts is, however, incomplete. We know for ex-well model) remain nevertheless an approximaample that the high-temperature relaxation mode tion of the more detailed picture of relaxation responsible for viscous flow can be approximated processes provided by experimental methods in in temperature-time space from the ratio of the the frequency domain.
Frequency-dependent determinations of re laxation (torsion, ultrasonics, dynamic loading) form a class of relaxation spectroscopy experi ments where the isothermal frequency-dependent deformation of a melt can be studied under a wide range of strain rates (mHz-GHz) without the ap plication of large strains (i.e. linear stress-strain behavior). The advantage of such techniques lies in their ability to transverse the relaxation peak due to structural mobility of Si and O and thus cross from the glassy to the liquid (or vice versa) regime of melt response. In generating such a re laxation spectrum one provides a constraint on the degree of complexity required to characterize the mechanisms of viscous deformation in silicate melts. These methods provide a complement to time domain studies of melt deformation, includ ing most methods of viscometry and stress relaxa tion determinations which employ much larger strains.
Several components of silicate melts that are typically enriched in granitic magmas are known to have strong effects on the transport properties of silicate melts. Examples are fluorine, boron and phosphorus. The addition of these components, along with water, to a granitic base composition, represent, in a static topological sense, some of the most extreme changes in melt structure (de gree of polymerization, NBO/T) that are to be expected in natural systems. How does the relaxa tion spectrum of a granitic melt change with the addition of such components? A shift of the entire relaxation peak to lower temperatures is one in evitable consequence of the accompanying viscos ity reduction (Dingwell et al, 1993a,b) but there are a number of further possibilities, including the broadening or tightening of the relaxation peak, a skewing of the peak toward higher or lower temperature, and the appearance of new, second ary peaks, in the relaxation spectrum near the glass transition. The present study addresses the above question by investigating the effects of F, B and P on the relaxation spectrum of haplogranitic melt. First we review some essential points of linear viscoelasticity.
Linear viscoelastic relaxation
The relaxation of a single internal variable (£) as a function of time can be described by the firstorder kinetic equation where £, is the equilibrium value of £, and x 0 is the proportionality constant called the relaxation time (Nowick & Berry, 1972) . The solution of this equation is 4 = Ul-exp(-t/x 0 )].
This is Debye, or exponential, single-time relaxa tion behavior. If the internal variable £ oscillates with time as ~e iωt , then it depends on angular frequency ω and can be written as a complex function;
where £' is the Debye dynamic relaxation func tion, and ^"( ω ) is the Debye peak (Nowick & Berry, 1972) .
In general, linear viscoelastic behavior cannot be described by a single relaxation time. For several independent relaxations ^ with charac teristic relaxation times x> we can write, by analogy with (1) &* 1
^-xT^)-W
If each relaxation mechanism contributes inde pendently to the total relaxation process of the macroscopic property E= ΣHj ^, the resulting re laxation process may be characterized by a set of Xj or a discrete spectrum Hj of relaxation times. The real and imaginary parts of the macroscopic property E then can be described by; j J where ^j 0 are the relaxed values of ^, S^ is unrelaxed value of E. The relaxation time can alter natively be described by a continuous distribution. This distribution may be fitted by a Gaussian (e.g. Tauke et al. 9 1968), or a log Gaussian (e.g. Macedo et al, 1968) function. Such a representation introduces, however, a large number of variables, resulting in increased inaccuracies in the calcu lated relaxation time distribution. A common empirical representation of stress relaxation is the stretched exponential
where ß < 1. Here the case of ß = 1 corresponds to single relaxation time behavior as described by Eqns.
(1) and (2). The expression (6) is useful for the effective description of the relaxation behavior of materials with a continuous spectrum or a set of discrete relaxation times and is convenient in that it involves only two variables, x 0 and ß. The parameter ß is thus a relative measure for the broadness of relaxation spectrum of the measured property £, (Brawer, 1985) . This representation is also imperfect, often resulting in the calculation of a smaller ß at short times, and a larger ß at longer times (Scherer, 1986 ). All the above representations are empirical to the extent that the relaxation times do not represent specific atomic processes. Information about the mechanical viscoelastic behavior of highly viscous materials can be obtained by dynamical rheological measurements. For small deformation of a material, the Boltzmann superposition principle applies, and stresses and strains add linearly, with the ratio of the applied stress to the observed strain being a constant independent of the amplitude of the stress (Nowick & Berry, 1972) . For a material subject to small amplitude sinusoidal stress
and the requirement of a linear relationship be tween stress and strain results in a periodic stress with the same frequency
where cp is the loss angle (the phase angle by which the strain lags behind the applied stress). The complex shear modulus G*(ω) is then
and the complex shear viscosity η*(ω) is
The real component of the shear modulus G'(co) is a measure of the elastic energy stored per cycle of deformation, the imaginary component of shear modulus G"(ω) is a measure of the viscous energy dissipated per cycle.
The form of the general equation between stress and strain is determined by the structural complexity of the tested material. For the case of a material which has only one relaxation process and one relaxation time, the shear modulus of the material can be described by where G^ is the shear modulus obtained at ω =>oo and
where η 0 is the relaxed Newtonian viscosity at ω => 0. The real and imaginary parts of the shear modulus are then a pair of Debye functions. It is possible to measure the complex shear modulus G*(ω) and the complex shear viscosity η*(ω) over a wide range of the dimensionless variable cox simply by changing both frequency ω, and/or temperature. If the relaxed viscosity of the melt in the temperature range of interest can be de scribed as a function of temperature by an Arrhenian equation, the relaxation time x can also be expressed as an Arrhenian equation
where T is the absolute temperature, R is the uni versal gas constant and E is the activation energy. In more complicated viscoelastic materials, the deviation from single relaxation time and re laxation process results in a broadening of the shear modulus as a function of frequency with respect to that expected for a Debye function. In silicate melts, for example, besides the main re laxation time associated with Si-O bond exchange there are alkaline peaks, mixed alkali peaks which occur at ~0°C for frequency 0.4 Hz (Day & Steinkamp, 1969 ) and a single bonded oxygen peak (Philippoff, 1965) . In silicate melts doped with volatiles (for example fluorine) one might expect contributions to the relaxation-time spectrum resulting from the disruption of the three dimensional network of silicate and aluminate tetrahedra and local struc tural rearrangements.
Experimental procedure

Sample preparation
The haplogranite melt (HPG8) is that of Holtz et al. (1992) . Its composition is near that of the pseudo ternary minimum at 1 kbar pH 2 O in the system SiO 2 -NaAlSi 3 O 8 -KAlSi 3 O 8 -H 2 O. The starting compositions were chosen to represent 10 % additions of B 2 O 3 (HPG8B10), 10% of P 2 O 5 (HPG8P10), and 10% of fluorine (HPG8F10) to the haplogranite (HPG8) composi tion ( Table 1) .
The melts were stirred for ~ 24-200 h using a Pt 80 Rh 20 viscometry spindle . Cylindrical samples (8 mm in diameter and ~30mm in length) were cored from the crucible using diamond tools and the ends of the cylinders were ground flat. These samples were next placed s i Q Table l . Chemical composition of haplogranite melts (wt%).
Oxide HPG8 HPG8B10 HPG8P10 HPG8F10
Amplitude of signal in phase with S 2 ( and the applied stress)
Fig. 1. a (top). Scheme of torsion deformation device
for the oscillatory shear experiments: T -fixed end of the alumina rod Al2, S -sample, M -moving coil system attached to the alumina rod All, f-furnace, Si and S2 -points of angle deformation measurement, Li, L2, L slength of alumina rods and sample, respectively. -b (bottom). Principal scheme oftorsion deformation meas urement: γ -measured phase shift between channels Si and S2, Ψ -actual phase shift between applied torque and resulting angle of deformation of the sample S.
in Pt foil tubes (8 mm in diameter, thickness 0.03 mm, length 50 mm) and placed between two alumina rods (A123, Frialit-Degussit®, 8 mm in diameter) in a Kanthal® wire-wound horizontal furnace, the free ends of the alumina rods are fixed such that during heating of the assembly, via thermal expansion of the rods, a small axial load is exerted on the rods and the sample, and a good mechanical contact is obtained between them. The assemblage was heated to ~250°C above the glass transition temperature, held for 3 h, quenched to the glass transition temperature, and then cooled down slowly over 12 h to room temperature. This procedure avoids cracking due to thermal stresses during cooling. Finally the platinum jacket was carefully removed from the sample. The two alumina rods with the sample Analysis by electron microprobe, Cameca SX-50 in wavelength dispersive mode. Operating condi tions 15kV, 15nA on brass, a 10 µm defocussed beam and 20 s count time. Standards were albite (Na, Si, Al), orthoclase (K), apatite (P). Analysis by ICP-AES methods described in Pichavant et al. (1987) performed at CRPG-CNRS Nancy. F analysis by specific ion electrode performed at CRPG-CNRS Nancy. melted between them was then installed in the forced oscillation furnace. Microscopic inspection of the samples after the experiments revealed no recrystallization in the sample or on the interfaces between the sample and the alumina rods.
Torsion device
The forced oscillation torsion apparatus (see Fig. 1 and Kampfmann & Berckhemer, 1985; Bagdassarov & Dingwell, 1993) , comprises a high temperature horizontal Pt-Rh furnace with an as sembly consisting of a cylindrical samples (S) be tween two alumina torsion-bars (Alj and Al 2 ). The temperature is measured by a type-S thermo couple. Forced harmonic oscillations are applied to the alumina rods and the sample by an elec tromagnetic moving coil system (M) attached to the free end of the first alumina rod (Alj). The opposite end of the other alumina rod (Al 2 ) is rigidly fixed (T). The pair of aluminum wings (ß l and S 2 ) is attached perpendicular to the torsion bar. Iron plates at the ends of the wings move in the air gaps of two pairs of capacitive pick-ups. One pair of pick-ups (S 2 ) measures angular deformation of the alumina rod with respect to the fixed end (Al 2 ). The other pair of pick-ups (S λ ) measures the total angular deformation of the sample plus two rods (Alj + S+Ay.
The application of varying frequency sinus oidal oscillations (0.001-10 Hz) to the moving coil system (M) generates a torque. During each experiment the sinusoidal signals at the two points (Sj and S 2 ) were measured. Two periods of each signal were stored in a digital form and later fitted to the theoretical sinusoidal by a least-square method using a conjugate gradient method for the minimization procedure.
For each frequency, the amplitudes Sj and S 2 and the phase delay γ between the two points of the torsion assemblage have been measured (Fig. lb) . Knowing the distance between the points of measurement and the ends of the sample (L,~ 186 mm and L 2~ 190 mm), and the applied torque (T), it is possible to calculate the angle of defoπnation in the alumina rods A^ and Al 2 . The angle of deformation S and phase delay cp in the sample have been calculated from the simple vec tor geometry shown in Fig. 1 b. The shear modulus measurements at small angular deformation are based on the linear relationship between applied torque (T) and the resultant torsion angle (α) where 1 is the length of the specimen and d is the diameter. The torque applied during the dyamic experiment is ~ 10~3 N m, and the measured ampli tude of the twist deformation between Sj and S 2 is ~10~5rad.
The applied torque (T) has been calculated from the amplitude of the electrical signal S 2 and the calibration of the torsion assemblage before the dynamic measurements. This calibration con sists of the stepwise application of static loads (steps of torque = 2 × 10~3 N m) at one arm of the coil system (M) and measurement of the amplitude of the S 2 signal. The angular deformation at the two points Sj and S 2 is determined from the linear relationship between the electrical signal and the corresponding geometric displacement of the aluminum wings (previously calibrated statically using the same procedure as for the torque calibration). The precision of this method of shear modulus measurement has been checked using a single rod of alumina. The results of these measurements show that (within the error of phase delay measurement ôcp= 1O 3 rad) the behavior of the alumina rods is purely elastic and the shear modulus (G=161±3GPa) is independent of frequency (10-0.001 Hz) and temperature (22 to 1000 °C).
The thermal gradient across the sample is less than 3 °C at all temperatures. The accuracy of shear modulus measurements in the melts is calculated as ~ 8 %, stemming both from uncertainties in length and diameter of the sample at high tenperatures and from uncertainties in the torque and the angular displacement.
Room temperature ultrasonic measurements
The unrelaxed bulk (KJ and shear (GJ moduli of the glasses HPG8, HPG8B10, HPG8P10 and HPG8F10 have been measured at room temperature using the 1-and 2-transducer phase-comparison technique (Jackson et al. 9 1981) and an ANUTECH® ultrasonic interferometer. Pairs of parallel surfaces were ground and polished at the ends of ~ 10 mm long, 8 mm diameter cylindrical samples of the glasses. Chrome-gold, co-axially plated 20 MHz X-cut (compressional-wave) and AC-cut (shear-wave) quartz transducers were glued to the samples using a 1:1 mixture of glycerin and phthalic anhydride. This method alows the determination of the travel time of elastic waves with high precision. The density of glasses was determined at room temperature by immersion in toluene. The calculated elastic moduli have a total error of less than 0.6 %.
Experimental results
Shear modulus
The torsion measurements have been carried out in the frequency range 10-0.001 Hz (with steps of 0.31og 10 Hz) and temperature range 500 to 925 °C (with steps of 25 °C). The measurements yield the absolute value of the shear modulus I G*(ω) 1 2 = G'(ω) 2 + G"(ω) 2 and the phase shift cp(ω) for each temperature. From these data the real G'(co), and imaginary G"(co), components of the shear modulus have been calculated
G'(ω) and G"(ω) at different frequencies and temperatures have been reduced to a master curve via the dimensionless variable cox, where x is the relaxation time given by (12, 13). The G^ is ob tained from the torsion experiments at high frequencies and low temperatures. The values of G^ measured at high temperatures together with the room-temperature shear and bulk moduli of the glasses are listed in Table 2 . The temperature dependence of the shear modulus required to reconcile the high-and low-temperature shear moduli is in the range -3 to -6× KHGPaK -1 , in agreement with the temperature dependence of the shear moduli of silicate glasses -1 to -10 × 10~3 GPaK 1 (Bansal & Doremus, 1986) . Table 2 illustrates the decrease in both shear and bulk moduli of these glasses with the addition of boron, phosphorus and fluorine to the HPG8 composition. The addition of these components therefore weakens the structure of the glasses and the melts making them more compressible and less rigid to shear.
The real and imaginary components of the shear moduli measured at different frequencies and temperatures are plotted in Fig. 2 . For all four samples the behavior of the complex shear modulus differs significantly from that of a Debye relaxation function. The imaginary component of the shear modulus exhibits an asymmetrical character extending to the high-frequency, lowtemperature range. The amplitude of G^/G^ is much less than 0.5 as would be the case for a Debye relaxation function. Fig. 2 illustrates the frequency dependent shear modulus of these four melts.
Complex shear viscosity
The frequency dependent real and imaginary components of shear viscosity η*(ω) = η'( ω ) -iη"( ω ) have been calculated from G'(ω) and G" (ω) and are illustrated in Fig. 3 a, b . At a constant temperature, with decreasing frequency the real component of the shear viscosity increases and becomes frequency-independent when it reaches the relaxed Newtonian viscosity η 0 of the melt (Fig. 3 a) . The frequency-independent values of viscosity are plotted as a function of inverse ab solute temperature in Fig. 4 together with the vis cosity determined by micropenetration techniques and concentric cylinder techniques (Dingwell et ai, 1992 (Dingwell et ai, , 1993b ). An Arrhenian viscositytemperature relationship fits all of the viscosity data for all of the compositions. Even in case of the HPG8B10 melt which represents a mixture of 'strong' (haplogranite) and 'fragile' (B 2 O 3 ) liquids, an Arrhenian viscosity relationship in the temperature range 650-1650 °C is apparent. The value of the activation energy of viscous flow decreases with addition of volatiles reflecting the structural changes in haplogranite liquid.
Internal friction
Viscoelastic behavior of materials is often ex pressed as the internal friction or the inverse of the mechanical quality factor Q _1 ( ω ) . Shear stress relaxation spectrum: squares -the zero approximation of relaxation spectrum using Eqn. (16), diamonds -the first approximation of relaxation spectrum using Eqn. (17), solid line -theoretical relaxation spectrum for the stretched exponential relaxation with ß = 0.5; Eqn. (18).
(ωx->oo) there is significant deviation from single relaxation time behavior. This deviation from single relaxation time behavior at high viscosities has been observed previously (Kurkjian, 1963; Hopkins & Jurkjian, 1965; Mills, 1974; Sinning & Haessner, 1987) . The comparison of the asymp totic behavior of Q 1 at high and low ωx shows an increasing deviation from single relaxation time behavior for ωx-»0 with the addition of boron, phosphorus and fluorine.
Relaxation spectrum
As the observed frequency-dependent complex shear moduli of these melts cannot be described by a Debye function, it is necessary to fit a dis tribution of relaxation times to the data. There are a number of possible choices for the form of this distribution. We present here a number of differ ent approaches to this problem.
The complex shear moduli have been used to calculate a relaxation time distribution. The re laxation spectrum H[log 10 (x)] is the contribution to the shear modulus G* which is associated with the structural relaxation processes having charac teristic times lying between log 10 x and log 10 x + d(log 10 x) (Nowick & Berry, 1972) . To calculate H(x) from the storage or loss modulus a first ap proximation can be used (Philippoff, 1965) 
The relaxation spectrum approximations H(x) are shown in Fig. 6 . The broad spectrum of re laxation times in the short timescale range is at tributed to the different structural environments which exist in silicate melts near the glass tran sition and which result in different relaxation rates for local structural rearrangements (Jackie, 1987) . The consistent feature of our spectra is the asym metrical form extended into the range of short re laxation times.
The theoretical stress relaxation spectra for ß-exponent law has an asymmetrical form (Hopkins & Kurkjian, 1965) . For ß = 0.5 the analytical expression for the relaxation time spectrum is Thus the form and the position of relaxation spectra maximum obtained from experiments on haplogranite samples corresponds to the expression (20) except for the fluorine-bearing melt. The relaxation spectrum of the HPG8 melt is consistent with a ß-relaxation spectrum with ß = 0.5.
The shape of the relaxation spectrum can be approximately given by the shape of the loss modulus G"(ωx), but with the log 10 time axis increas ing from right to left (Mills, 1974) . In comparison with the HPG8, the loss moduli of the haplo granite melts doped with boron, phosphorus, and fluorine exhibit longer tails extending to shorter times (see Fig. 6 ).
Another approach to describe the relaxation time spectrum of these melts is to fit the modulus to a linear combination of single relaxation time elements. In this case
where G*(ω,T { ) is the modulus of a single relaxa tion process with a relaxation time x { (see Eqn. (5)). The spectrum of relaxation times i { with rela tive amplitudes Hj is plotted in Fig. 7 . The form of spectrum obtained by this method is also asym metrical. The relative amplitude of the relaxation time x 0 (Eqn. (12)) decreases with boron, phos phorus or fluorine incorporation into the structure of haplogranite melt. It should be noted that any x { in a spectrum does not correspond to a specific atomic process. Knowledge of the relaxation spec trum (Xj, H t ) permits calculation of G'(ωx) and G"(ωx) in frequency-temperature space (ωx). 
iog10t/ts
The maximum of this function is shifted by 0.31og 10 into the faster relaxation range (x<x 0 ). Fig. 7 . Calculated discrete stress relaxation spectrum using experimental data on G*(ωx). 
Cole-Cole diagram
Among the methods which are frequently used to display relaxation data is the Cole-Cole diagram (Cole & Cole, 1941) . This is a plot of the imaginary part of the modulus against the real part of the modulus. The conventional Debye relationship results in a semi-circle whose center lies at G' = 0.5 G^ and G" =0 (see Fig. 8 ). the complex plane representation of the stretched exponential function is a skewed-arc, with G" approaching the axis as a straight line at high frequencies and low temperatures, the effective distribution parameter ß can be approximated from the angle between the G" = 0 axis and the high ωx slope of G". This angle is proportional to ßπ/2. The Cole-Cole plots for the haplogranite melts are shown in Fig. 8 . The HPG8 sample fits the stretched exponent curve for ß = 0.5. The other melt compositions lie near the curve for ß~0.3-0.4.
Discussion
The effect of the addition of F, P and B on the relaxation spectrum of a granitic melt illustrates the following features. The shift factor for the decrease in temperature associated with viscous relaxation in the F-, B-and P-bearing melts remains well approximated by the Maxwell approximation. The relaxation spectra broaden significantly with the addition of these components. The calculation of a distribution of relaxation times to describe the viscoelastic response of these melts yields a broader distribution for the F-, B-and P-bearing melts than for the haplogranitic base melt. This distribution is most perturbed for the P-bearing melt. The enhanced breadth of the spectra of F-, B-and P-bearing melts necessitates a lower value of the ß factor in the Kohlrausch stretched exponential description of the relaxation spectra.
The general appearance of the shear moduli of Fig. 4 is most simply interpreted as resulting from an increased number of bonding environments associated with the incorporation of the foreign (F, B, P) ions in the melt structure. If complexes of F, P or B with other cations (e.g., aluminophosphate, alkali borate, aluminofluoride) were strongly enough bonded in the granitic melt structure then we might expect the relaxation associated with the lifetime of such species to occur as high-temperature relaxation peaks. Accompanying such a high-temperature peak would be a relaxation mechanism and step change in viscosity at temperatures above the Si-O bond exchange peak. This might particularly be expected for the case of P-bearing granitic melt because the chemical diffusion of P 2 O 5 in granitic melts has a significantly higher activation energy than that of viscous flow in such systems (Harrison & Watson, 1984; Chakraborty & Dingwell, in prep.) . In this study we see no evidence for such a higher temperature relaxation involving P 2 O 5 because the shear viscosities which we calculate above our main relaxation peak are consistent with those measured at much lower strain rates dilatometrically.
In conclusion we wish to stress that not only is the main relaxation peak shifted to lower temperature but the peak is much more skewed towards higher frequency. This high-frequency skewing is consistent with an increase in the variety of bonding sites within the melt. Discrete, detached relaxations due to the added (B, F, P) components have not been observed.
Although the results of the present study apply, strictly speaking, to the linear viscoelasticity domain, it has been shown in previous studies that the linear approximation to viscoelasticity provides a useful normalizing factor for scaling the onset on non-Newtonian viscosity in nonlinear, geologically applicable deformation events. The results of this study confirm that although the structure of these melts has been drastically altered by the addition of these components, the width of the viscoelastic domain is only slightly influenced in the low-frequency range. This means that the onset of non-Newtonian viscosity in this variety of melt structures can be approximated with the Maxwell relation.
Conclusions
1. The strain rate -temperature dependence of shear viscosity and modulus of the studied haplogranite melts differs from that of single relaxation time viscoelatic behavior.
2. The viscoelastic behavior of haplogranite melt follows stretched exponent relaxation with parameter ß = 0.5 with an Arrhenian temperature dependence of the shear viscosity indicating 'strong' liquid behavior.
3. The addition of B 2 O 3 , P 2 O 5 , or F 2 0_! into the haplogranite melt results in increased stretched exponential relaxation with parameter ß < 0.5 and in broadening of the stress relaxation spectrum over 6-7 decades of log 10 time units in comparison to the ~51og 10 time units width ob served for HPG melt.
4. The addition of B 2 O 3 , P 2 O 5 , or ¥ 2 0_ λ re sults in a decrease of the room-temperature bulk and shear modulus and high-temperature shear modulus with respect to that of HPG. The addition of these components weakens the structure of the melts making their structure more compressible and less rigid.
